Laboratory-scale solid-phase denitrification (SPD) reactors for nitrate removal were constructed by acclimating activated sludge with poly (L-lactic acid) (PLLA) having weight-average molecular weights (Mw) of 9,900, 12,000, and 45,100 g mol −1 . A good nitrate removal rate (3.5-5.3 mg NO3 − -N g [dry wt] −1 h −1 ) was found in the reactor containing PLLA of 9,900 g mol −1 , whereas the other two reactors with the higher Mw PLLA showed low nitrate removal efficiency. Microbial community dynamics in the low Mw PLLA-acclimated reactor were studied by 16S rRNA gene-targeted PCR-denaturing gradient gel electrophoresis and quinone profiling. Nonmetric multidimensional scaling analyses of these data sets revealed a marked population shift during acclimation of the SPD reactor with low Mw PLLA. The 16S rRNA gene clone library and culture-dependent analyses showed that bacteria belonging to the family Comamonadaceae predominated and played the primary role in denitrification in the PLLA-using reactor; however, none of the bacterial isolates from the reactor degraded PLLA. These results suggest that the nitrate removal property of the PLLA-using SPD reactor is attained through the bioavailability of hydrolysates released abiotically from the solid substrate.
Conventional biological wastewater treatment processes for nitrogen removal often result in incomplete denitrification because of the low availability of organic substrates as reducing power. The supply of exogenous soluble substrates, such as methanol and ethanol, is the first choice to solve this problem, and this technique is actually applied to commercialbased biological denitrification plants; however, methanol and ethanol may have harmful effects on both the treatment process and the surroundings when added in excess and released during the process (13) . Also, another persistent problem is the concern that a constant supply of liquid substrates requires operating and maintenance costs, including the installation of additional delivery apparatus, such as pumps, reservoirs, and injection wells (37) .
Biological denitrification using a biodegradable polymer as the source of reducing power, termed solid-phase denitrification (SPD), has gained momentum as an alternative to conventional denitrification processes using soluble substrates (21) . To date, SPD processes using biodegradable plastic materials, such as poly (3-hydroxybutyrate) (PHB) (1, 4, 11, 14, 38) , poly (3-hydroxybutyrate-co-hydroxyvalerate) (PHBV) (27, 28, 35) , and poly (ε-caprolactone) (PCL) (2) (3) (4) 22) , have been intensively studied. On the other hand, much less effort has been directed toward the use of poly (L-lactic acid) (PLLA) as the substrate for SPD. One of the major reasons for this is the low biodegradability of PLLA. The degradation rate for commercially available PLLA in denitrifying activated sludge systems has been found to be much lower than that for other aliphatic polyesters such as PHBV and PCL (21) , as well as in soil under aerobic and anaerobic conditions (41, 42) . Studies on PLLA-using SPD have so far been limited to a bioreactor equipped with a PLLA polymer gel plate (46) , and no microbiological information has been available on the PLLA-using SPD process.
Basically, according to the purposes and applications for practical use, commercial PLLA products are modified for their degradability. A number of physicochemical factors relevant to the hydrolysis and degradation of PLLA, such as molecular weight, crystallinity, crystalline size, chain orientation, and the content of second and third polymers in polymer blends, have been studied (43) (44) (45) . Thus, if the degradation rate for PLLA can be much increased by controlling physicochemical parameters in advance, it would become a good carbon and energy source for microorganisms. The main objective of this study was to evaluate whether PLLA serves as a solid substrate for denitrification by changing its weight-average molecular weight (Mw). Also, the microbial population dynamics in response to the acclimation of an SPD process to PLLA was investigated by cultureindependent and culture-dependent polyphasic approaches with nonmetric multidimensional scaling (NMDS) (7, 31) of biodiversity data. The applicability of the PLLA-using SPD process is compared with other biodegradable polymers.
Materials and Methods

Preparation and characterization of PLLA
Oval PLLA pellets, 5 mm long and 4 mm wide, which were a kind gift from Unitika Ltd. (Osaka, Japan), were used in this study. According to the measurements described previously (45) , Mw and crystallinity (Xc) of the pellets were approximately 200,000 g mol −1 (Mw/number-average molecular weight (Mn)=1.74) and 36%, respectively. The pellets were autoclaved at 120°C under high pressure of 1.05 kgf cm −2 to decrease their Mw. Autoclaving for 2, 4, and 6 h under these conditions resulted in the production of PLLA having Mw of 45,100, 12,000, and 9,900 g mol −1 with Mw/Mn ratios of 1.98, 1.79, and 1.56, respectively. After autoclaving, the pellets were dehydrated for 3 days using a vacuum pump. The Mw of PLLA pellets was determined by gel permeation chromatography (Tosoh, Tokyo, Japan) using a TSK gel GMHxL column (Tosoh) and a refractive index detector (Tosoh RI 8020) as described previously (45) . Glass transition temperature, cold crystallization, melting temperatures and enthalpies of cold crystallization, and melting of PLLA pellets were determined using a Shimadzu DSC-50 differential scanning calorimeter fitted with a cooling cover (LTC-50) (Shimadzu, Kyoto, Japan) as described previously (45) . Xc of PLLA pellets was evaluated as described previously (45) .
Construction of SPD reactors
An activated sludge sample was collected from the main aerobic treatment tank of a sewage treatment plant in Toyohashi, Japan, and used as the seed sludge to construct PLLA-and PHBV-acclimating SPD reactors. For each reactor, four glass bottles (300 mL capacity), each of which contained 250 mL culture medium as specified below, were prepared and inoculated with the sludge and incubated at 25°C for 8 weeks with stirring at 70 rpm. Dissolved oxygen tension in the core of all the reactors was always less than 0.5 mg L −1 , indicating that the reactors were continuously kept under semi-anaerobic conditions. Of the SPD reactors constructed, three (designated reactors I, II, and III) were acclimated with PLLA pellets having Mw of 45,100, 12,000, and 9,900 g mol −1 , respectively. The remaining SPD reactor (reactor IV) was acclimated with PHBV (Mw, 108,000 g mol −1 and Mw/Mn, 2.38) for comparison. Initially, mineral base RM2 (pH 7.0) (15) supplemented with 20 mM KNO3 and 2.5 g PLLA or PHBV pellets were added to the reactors. Half of the supernatant in all reactors was exchanged with fresh medium every 4 days of operation (nitrate loading rate, 0.28 g L −1 day −1 ). For reactors I and II, however, the exchange of supernatant was stopped after 20 days of operation remaining steady until the end of the operation, because little nitrate removal took place in these reactors. Reactor III and IV were supplemental with 1.25 g each of PLLA and PHBV, respectively, at intervals of one week until the end of the operation. The sludge concentration (MLSS) in all the reactors was adjusted to ca 2,000 mg dry wt L −1 every week of the operation.
Measurement of nitrate removal activity and lactate release rate
The nitrate removal rate was measured by monitoring the change in the concentration of nitrate in each batch cycle of the operation using ion chromatography, as described below. Separate sludge samples were collected from the reactors, washed twice with 50 mM phosphate buffer (pH 7.0), and subjected to the nitrate removal assay. Portions of the washed sludge suspension were introduced into rubber-plugged test tubes (30 mL capacity) containing 25 mL RM2 medium supplemented with 20 mM KNO3, 10 mM lactate, and 10 mM acetate. The tubes were sparged with argon to maintain anaerobiosis and incubated at 30°C for 24 to 48 h. The concentrations of nitrate removed and nitrogen gas produced were monitored by ion chromatography and gas chromatography, respectively. The lactate release rate was measured by monitoring lactate from PLLA pellets having Mw of 45,100, 12,000, and 9,900 g mol −1 , respectively, using vials (125 mL capacity) containing 75 mL RM2 medium supplemented with 20 mM KNO3 and each PLLA pellet (1% [v/ v] ). The concentration of lactate was determined by HPLC as described previously (26, 27) .
Analytical methods
Inorganic nitrogen compounds in reactor supernatant samples were determined by ion chromatography using an # 2740 column (Hitachi High-Technologies, Tokyo, Japan) and a L-2470 conductivity detector (Hitachi High-Technologies) as described previously (26, 27) . Organic acids such as acetate and lactate were determined by HPLC using an organic acid column (Waters, Milford, MA, USA) as described previously (26, 27) . Nitrous oxide and nitrogen gas in headspace samples were measured on a gas chromatograph equipped with a microthermister detector, as reported previously (26) .
Quinone profiling
Quinones from sludge samples and isolates were extracted with an organic solvent mixture, fractionated into menaquinone and ubiquinone fractions using Sep-Pak Vac silica gel cartridges (Waters), and separated by reverse-phase HPLC with a photodiode array detector as described previously (17, 20) .
DNA extraction and purification
Bulk DNA of sludge collected from SPD reactors was extracted as described previously (18, 28) . Also, genomic DNA was extracted from all bacterial isolates as described (16) . Extracted DNA was further purified by a standard procedure including phenol/ chloroform/isoamyl alcohol (25:24:1, [v/v/v]) and RNase A treatment and ethanol precipitation.
16S rRNA gene-targeted PCR-DGGE
The V3 region of the bacterial 16S rRNA genes was PCRamplified with a primer set of 341f-GC and 534r (36) and purified as described previously (10) . DGGE was performed in a 10% (w/v) polyacrylamide gel using a Bio-Rad DCode system (Bio-Rad, Hercules, CA, USA) as described previously (10) . After electrophoresis, the gels were stained with 5 µg mL −1 SYBR Green I (Invitrogen, Carlsbad, CA, USA) for 20 min, washed with deionized water, and then gel images were taken using FAS-III (Nippon Genetics, Tokyo, Japan) with UV transillumination. The position and intensity of each DGGE band were calculated using Gel-Pro Analyzer software (Nippon Roper, Tokyo, Japan).
16S rRNA gene-based clone library analysis
Bulk DNA extracted from SPD reactor III on day 56 was used to construct the 16S rRNA gene clone library. 16S rRNA gene fragments from the purified DNA were PCR-amplified using rTaq polymerase (Takara, Otsu, Japan), a bacterial consensus PCR primer set of 27f and 1492r (32), as described previously (27) . The PCR products were purified using the Geneclean Spin kit (Qbiogene) and subcloned using a pTBlue Perfectly Blunt cloning kit (Novagen, Madison, WI, USA) and Escherichia coli JM109 competent cells (Takara). Plasmid DNA was purified using a plasmid extraction kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions, and the insert DNA was sequenced as described below.
Isolation and characterization of PLLA-degrading and/or denitrifying bacteria
Denitrifying bacteria were quantitatively isolated by the pourplating method on agar media containing mineral base RM2 (15), 20 mM KNO3, vitamin solution PV1 (19) (1 mL L −1 ), and 1.8% (w/v) agar as the basal medium. The agar medium was supplemented with either 10 mM lactate or 2% (w/v) PLLA film as the sole carbon and energy source; the agar media thus prepared were designated as LAN and PLAN agar, respectively. The PLLA film was prepared from PLLA pellets having an Mw of 9,900 g mol −1 according to a previous report (24) . One milliliter of each of the diluted sludge samples from SPD reactor III on day 56 was plated and incubated at 25°C for 2 to 4 weeks under anaerobic denitrifying conditions. Aerobic PLLA-degrading bacteria were also quantitatively isolated by the smear-plating method using PLAN agar from which nitrate was eliminated and by aerobic incubation at 25°C for 3 weeks. Culture with these agar media was assessed by comparing the plate count with the SYBR Green-based total cell count (28) . Colonies in a range of 20 to 200 colonies per plate were randomly selected and purified by repeated streaking of the same agar medium under denitrifying conditions. Denitrifying activity of the isolates was examined by monitoring nitrate and lactate consumption and gas production in a Durham tube (27) using LAN medium. 16S rRNA gene fragments of the isolates corresponding to positions 8 to 1543 in the E. coli 16S rRNA were PCR-amplified with a bacterial universal primer set 27f and 1525r (32) , purified, and then directly sequenced, followed by phylogenetic analysis as described below and previously (27) .
Sequencing and phylogenetic analysis
Sequencing of 16S rRNA gene clones in the clone library and amplicons from the isolates was performed using the Applied Biosystems 3130xl genetic analyzer and a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems). Sequence data were aligned with an ARB data set of SSURef_02071_4_tree_silva_opt1 (http://www.arb-silva.de/) using the ARB program package (33) , and the aligned data were manually corrected using an editing tool in the package. A phylogenetic tree was constructed by the neighborjoining (NJ) method (39) using Kimura's two-parameter model (29) and the ARB program package. The tree was also constructed by the maximum likelihood (ML) method using the TREEFINDER program package (25) . Bootstrap resampling analysis (8) with 1,000 replicates for NJ and ML was performed using the PAUP* 4.0 program package (40) and TREEFINDER program package (25) , respectively. Chimeric sequences were examined by partial treeing analysis (23) .
Statistical analyses
For NMDS analysis, two datasets based on PCR-DGGE and quinone profiles were used. The relative abundance of DGGE bands was normalized as the percentage of the total area, where bands constituting less than 3% of the total area were discarded. In the case of quinone profiles, the mol% data were used directly. NMDS analyses were performed using the Bray-Curtis coefficient (5), which is ideal for constructing similarity matrices and group analysis, using SPSS 17.0 software (SPSS, Chicago, IL, USA). An NMDS plot was used to examine statistically significant differences as a horizontal distance. The "stress" of NMDS, which assesses the goodness of fit of the NMDS plot, was evaluated by determining whether the stress value was less than 0.2 (7). 16S rRNA gene clone library data were evaluated by calculating the Chao1 nonparametric species richness estimator (6) using EstimateS software (version 8.2.0, http://viceroy.eeb.uconn.edu/estimates) and by determining the Shannon-Wiener index as described previously (34) . The percentage of coverage was calculated using the equation [1-(n/N)], where n is the number of phylotypes represented by a single clone (singleton) and N is the total number of clones retrieved (12) . An evenness index was determined using the equation H/ln R, where H is the Shannon-Wiener index and R is the number of phylotypes observed.
Nucleotide sequence accession numbers
The 16S rRNA gene sequences of uncultured clones and isolates determined in this study were deposited under DDBJ/EMBL/ GenBank accession numbers AB596949 to AB596978.
Results
Nitrate removal efficiency
Three SPD reactors with different Mw types of PLLA with X c of around 40% as the substrate (i.e., reactors I, II, and III) were operated for 8 weeks in comparison with a PHBV-acclimated SPD reactor (reactor IV), which has been shown to have good nitrate removal performance (27, 28) . In batch tests, the abiotic lactate release rates from PLLA having Mw of 45,100, 12,000, and 9,900 g mol −1 were >1, 3.6, and 19.4 mg g PLLA −1 h −1 , respectively. As shown by cumulative nitrate removal profiles (Fig. 1a) , the nitrate removal rate in reactors I and II was very low, being 0.03 to 0.45 mg NO 3 − -N g (dry wt) −1 h −1 on days 14, 28, and 49 (Fig. 1b) . By contrast, the nitrate removal rate in reactor III linearly increased during the operation (Fig. 1b) Fig. 1b) . Little or no accumulation of nitrite and nitrous oxide was observed in the reactor III sludge, and the conversion rate of nitrogenous gas (nitrogen and/or nitrous oxide) throughout a batch cycle ranged from 85 to 100% (data not shown). Reactor IV displayed similar profiles to reactor III.
During the overall period of the operation, reactor III produced significant amounts of lactic acid (0.08 to 2.9 mmol L −1 ) and acetic acid (0.06 to 5.0 mmol L −1 ), whereas much less organic acid was detected in reactors I and II. Lactic acid and acetic acid might be a hydrolysate from the PLLA and an intermediate metabolite of the hydrolysate, respectively. Thus, Mw of PLLA may be an important factor affecting the hydrolysis of PLLA and the resultant bioavailability of substrates for denitrification. Washed sludge from the fully acclimated reactor III exhibited much higher nitrate removal rates when exposed to 10 mM lactate and acetate as the substrates (14-38 mg NO3 − -N g [dry wt] −1 h −1 ) (data not shown). Irrespective of nitrogen removal performance, all reactors were kept at pH 6.5 to 7.0 until the end of the operation. This suggests that lactic acid released from the PLLA was rapidly consumed by the microorganisms present in the reactors, thereby preventing the reactors from suffering a decrease in pH.
PCR-DGGE fingerprinting and quinone profiling
The bacterial community dynamics in PLLA-using reactors were evaluated by 16S rRNA gene-targeted PCR-DGGE fingerprinting. As shown in Fig. 2 , the PCR-DGGE patterns from reactors I and II remained almost unchanged during the overall period of the operation. On the other hand, the PCR-DGGE profiles of reactor III markedly changed with time but remained steady from 49 days to the end of the operation. Similarly, reactor IV exhibited marked changes in PCR-DGGE patterns.
To compare the microbial communities when final nitrate removal rates were measured, subsequent quinone profile analyses were carried out using samples on day 49. The community changes in the SPD reactors as revealed by PCR-DGGE fingerprinting were also supported by quinone profiling (Fig. 3) . Reactors I and II gave similar quinone profiles during the overall period of the operation, whereas marked changes in quinone patterns were noted in reactors III and IV, both of which produced ubiquinone-8 (Q-8) as the dominant quinone component and menaquinone-7 (MK-7) as the second most abundant species on day 49.
NMDS analyses of PCR-DGGE patterns and quinone profiles using the Bray-Curtis distance matrix were performed to statistically estimate the bacterial community successions in the SPD reactors from days 0 to 56. As shown in Fig. 4a , two NMDS plots of the data from reactors I and II converged, indicating that the bacterial community structure in each reactor changed little from 14 to 56 days of operation. In contrast, the NMDS analysis of both DGGE and quinone profiles from reactor III showed that marked bacterial community succession took place during the 56 days of operation (Fig. 4a) . Similarly, the NMDS profile of reactor IV showed a marked population shift during acclimation to the solid substrate (Fig. 4a) . The quinone-profilebased NMDS plots between reactors III and IV on day 49 were more similar than the DGGE-pattern-based NMDS plots ( Fig. 4b and c) .
16S rRNA gene clone analysis
A bacterial 16S rRNA gene clone library was constructed from reactor III on day 56 to determine its community structure in greater detail because not only were DGGE patterns similar between days 49 and 56 (Fig. 2) but also the microbial community on day 56 seemed be acclimated to the PLLA-using SPD reactor rather than those on day 49. We retrieved 124 clones from the library and determined their nearly full-length sequences (>1,380 bp). As a result, 24 phylotypes were found in the clone library with no chimeric artifacts of the clones (Table S1 ). The coverage value and Chao 1 nonparametric estimator of 94% and 27, respectively, suggested that the number of phylotypes retrieved was relatively sufficient to estimate the biodiversity of Bacteria present in the PLLA-acclimated reactor. According to the evenness index (0.56), the estimation of biodiversity revealed the convergence of several species specific to the PLLA-acclimated sludge. The 24 phylotypes of the clones were distributed in the following bacterial phyla: Proteobacteria (50%) (Betaproteobacteria [49.2%] and Alphaproteobacteria [0.8%]), Bacteriodetes (28.3%), Firmicutes (13.7%), Planctomycetes (5.6%), Chloroflexi (1.6%), and Verrucomicrobia (0.8%) (Table S1 ). Detailed phylogenetic analysis revealed that 98% of the betaproteobacterial clones were classified into 5 phylotypes closely related to the genus Comamonas and other Comamonadaceae genera at a sequence similarity of >97% (Table S1 and Fig.  5 ).
PLLA-degrading microorganisms and predominant denitrifiers
We further examined the distribution of PLLA-degrading and/or denitrifying microorganisms in the PLLA-acclimated reactor by anaerobic cultivation using PLAN and LAN agar media. Incubation of the PLLA-acclimated sludge (i.e., that from reactor III on day 56) with PLAN agar medium under denitrifying conditions resulted in no colonies forming clear zones on the plate. Also, attempts to isolate PLLA-degrading bacteria by aerobic incubation gave negative results. On the Fig. 5 . Neighbor-joining distance matrix tree showing the phylogenetic positions of the betaproteobacterial uncultured clones and isolates (indicated by boldface) within the families Comamonaceae and Alcaligenaceae, retrieved from reactor III on day 56. The tree was reconstructed on the basis of >1,000 nt of 16S rRNA gene sequences with that of Burkholderia cepacia (M22518) as an outgroup to root the tree (not shown). The accession number for each reference sequence is shown in parentheses. Bootstrap values of >95% (closed circles) and >80% (opened circles) are shown at branching points. Scale bar represents 2 nt substitutions per 100 nt.
other hand, the plate count of denitrifying bacteria using LAN agar medium was 3.9×10 7 mL −1 , accounting for 1.7% of the direct total count.
Of the colonies recovered on LAN agar medium, 25 colonies were randomly selected and subjected to the standard purification procedure. All isolates thus obtained were aerobic and chemoorganotrophic, contained Q-8 as the major quinone, and were able to grow anaerobically with gas production in LAN medium, thereby confirming that they were lactate-utilizing denitrifiers. None of the denitrifying isolates degraded PLLA films under both aerobic and anaerobic conditions. By 16S rRNA gene sequencing, the 25 isolates were classified into 6 phylogenetic groups (DP-1 to DP-6), all of which were assigned to the genera of Betaproteobacteria, in particular to those of the families Alcaligeneaceae and Comamonadaceae (Table S1 and Fig.  5) . However, the DP-1 to DP-6 isolates did not correspond to any of the phylotypes detected in the clone library, from which no clones assigned to the family Alcaligenaceae were obtained. Although these culture-dependent data might be biased because of low culturability, as noted above, the finding of Comamonadaceae genera is in accordance with the results of the clone library analysis.
Discussion
This study successfully constructed the SPD process using PLLA as carbon and energy sources, which was previously discouraged due to its low biodegradability (21) . One success in developing a PLLA-acclimated SPD reactor hinged on the physical control of PLLA with respect to Mw, which was the focus of attention in this study. The SPD reactor with PLLA as the substrate exhibited good nitrate removal efficiency (5.3 mg NO3 − -N g [dry wt] −1 · h −1 ) only when its M w was decreased to 9,900 g mol −1 . This indicates that Mw of PLLA is one of the most important factors affecting its hydrolysis and the resultant bioavailability of the hydrolysate for SPD. The use of PLLA with a much lower Mw may be effective to increase the nitrate removal rate in the SPD process. In fact, our concurrent study has shown that PLLA having an Mw of 5,000 g mol −1 releases a vast amount of lactic acid (approximately 800 fold) and brings about 2 to 3-fold increases in the nitrate removal rate (unpublished data). Nevertheless, an excess amount of the hydrolysate may not only lower the pH during the process and but also cause organic contamination in the environment if released from the reactor, whereby the process control would become more difficult.
As reported herein, the low M w PLLA-and PHBVacclimated reactors exhibited comparable nitrate removal rates, but these removal rates were much lower than those recorded previously (~60 mg NO 3 − -N g [dry wt] −1 h −1 ) for a PHBV-using SPD reactor (27) . A possible reason for this is the difference in the bioavailability of soluble substrates between the reactors. While small pieces of PHBV sheets were used previously for SPD (28) , this study used pellet types of PLLA and PHBV as the substrate. Thus, the surface area of the polymer actually contacting with the aqueous phase and the microorganisms present should have greatly affected its hydrolysis rate and the bioavailability of substrates. In fact, the reactor III sludge exhibited much higher nitrate removal rate (14-38 mg NO3 − -N g [dry wt] −1 h −1 ) when exposed directly to sufficient amounts of lactate and acetate, as noted above.
NMDS analysis of biodiversity data, which is a powerful tool to study the spatiotemporal microbial population dynamics, has been applied for different microbial communities, such as those in compost (47) , anaerobic sludge (30) , and mangrove roots (9) . In this study, the NMDS approach to the PCR-DGGE and quinone-profile data sets revealed a marked population shift in the low Mw PLLA-acclimated and PHBVacclimated reactors. Apparently, such fully acclimated microbial communities are responsible for good nitrogen removal efficiency in both the reactors.
Comparative NMDS analyses of quinone profiles showed that the microbial communities in the PLLA and PHBVacclimated reactors were relatively similar when compared to the microbial communities revealed by NMDS analyses of the DGGE dataset ( Fig. 4b and c) . The difference of the distance in the plots in the NMDS analyses is dependent upon each dataset used in this study. DGGE analyses on the basis of individual sequences of microbes have high discrimination, whereas the quinone profile is able to only distinguish a microbial community at high taxonomical levels, such as phyla and classes (17, 20) . Considering the characteristics of the quinone profile mentioned above and the actual quinone profile in PLLA and PHBV-acclimated reactors (Figs. 3 and  4b) , the predominant members in both reactors might be similar at a high taxonomical level. In fact, clone library analysis has shown that members of the Betaproteobacteria, especially those of the family Comamonadaceae, predominate in the low M w PLLA-acclimated SPD reactor as well as in the PHBV-acclimated process (27) . Similarly, quinone profiling has revealed the predominance of Q-8, a good biomarker of Betaproteobacteria (17), in both the PLLAacclimated and PHBV-acclimated sludges, as reported here and previously (27) . Furthermore, culture-dependent studies showed that species of Comamonadaceae genera constituted a portion of the cultivable denitrifying bacteria from PLLAacclimated sludge. In view of these results, it is logical to conclude that the members of the family Comamonadaceae predominate and play a primary role in nitrate removal in the PLLA-acclimated SPD process as well as in the PHBVusing process. Clone library analysis, however, has also shown that the bacterial community structure is more complex in PLLA-acclimated sludge than in PHBV-acclimated sludge, as small but significant numbers of uncultured clones belonging to phyla other than Proteobacteria were detected in the former sludge. For example, these were associated with the phyla Chloroflexi, Planctomycetes, and Verrucomicrobia, none of which have been found in PHBV-acclimated SPD processes (27, 28) . The evenness index calculated also showed the convergence of several species specific to PLLAacclimated sludge. Why PLLA-acclimated sludge possibly has a more complex microbial community remains unknown; however, it can be assumed that the microbial community in the developed SPD process depends upon the amount and kind of hydrolysates and metabolites from the applied solid polymer.
It has hitherto been shown that few representatives of the genera Amycolatopsis, Letzera, Kibdelosporangium, Streptoalloteichus, and Kibdelosporangium, all of which are members of the phylum Actinobacteria, can degrade PLLA by using extracellular enzymes such as protease and lipase (41, 42) ; however, none of these microorganisms, such as PLLA degraders, have been found in wastewater treatment systems. The present results have provided no definite information to determine whether the PLLA added to the SPD reactor was enzymatically degraded; however, lactate from the PLLA pellets to the SPD reactor may be mainly supplied by abiotic hydrolysis because the abiotic hydrolysis rate (lactate release rate) exceeded the maximum rate of lactate consumption derived from the maximum nitrate removal rate in reactor III. Additionally, it was noted that PLLA-degrading microorganisms could not be isolated from the reactor, and that no close relatives to the above-noted taxa as PLLA degraders could be found in the clone library.
In conclusion, the Mw of PLLA to be used as the substrate for SPD should be adjusted in advance to around 10,000 g mol −1 , so the process can be stably operated at good nitrate removal efficiency. Thus, the low Mw PLLA-using SPD processes as well as those with PHB, PHBV, and PCL have great potential for application. In this process, members of the family Comamonadaceae mainly contribute to nitrate removal by utilizing hydrolysates released from PLLA and therefore the abiotic hydrolysis rate of PLLA may be a key factor affecting nitrate removal efficiency. To further improve the PLLA-using SPD system towards practical application, it is necessary to study other promising factors affecting PLLA degradability. Furthermore, we suggest that functionally important microorganisms such as denitrifying bacteria and PLLA-degrading bacteria in this system will be studied by mRNA-based and stable isotope-based cultureindependent molecular approaches and detailed culturedependent approaches.
